The accurate and rapid identification of insect pests is an important step in the prevention and control of outbreaks in areas that are otherwise pest free. The potato-tomato psyllid Bactericera cockerelli (Š ulc, 1909) is the main vector of 'Candidatus Liberibacter solanacearum' on potato and tomato crops in North America and New Zealand; and is considered a threat for introduction in Europe and other pest-free regions. This study describes the design and validation of the first species-specific TaqMan probe-based real-time PCR assay, targeting the ITS2 gene region of B. cockerelli. The assay detected B. cockerelli genomic DNA from adults, immatures, and eggs, with 100% accuracy. This assay also detected DNA from cloned plasmids containing the ITS2 region of B. cockerelli with 100% accuracy. The assay showed 0% false positives when tested on genomic and cloned DNA from 73 other psyllid species collected from across Europe, New Zealand, Mexico and the USA. This included 8 other species in the Bactericera genus and the main vectors of 'Candidatus Liberibacter solanacearum' worldwide. The limit of detection for this assay at optimum conditions was 0.000001ng DNA (~200 copies) of ITS2 DNA which equates to around a 1:10000 dilution of DNA from one single adult specimen. This assay is the first real-time PCR based method for accurate, robust, sensitive and specific identification of B. cockerelli from all life stages. It can be used as a surveillance and monitoring tool to further study this important crop pest and to aid the prevention of outbreaks, or to prevent their spread after establishment in new areas.
Introduction
The psyllid Bactericera cockerelli (Šulc, 1909) , (commonly known as "Potato Psyllids" or "Tomato-Potato Psyllid"), is a major pest of cultivated Solanaceous crops including potato and tomato [1] . Feeding by this psyllid causes severe damage to potato plants including: deformed tubers; production of numerous small, poor quality tubers; curling of leaves and petioles; and a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 yellowing or purpling of leaves. This leads to stunted growth and loss of yield [2] . Bactericera cockerelli is also the main vector of 'Candidatus Liberibacter solanacearum' (Lso) which is associated with Zebra Chip in Central and North America and New Zealand [3] [4] [5] [6] [7] [8] . Bactericera cockerelli is thought to originate from South-Western USA and Mexico [2, 9] and from here has spread via natural and human-mediated dispersal to extend its range [10] . Outside America it is now established in New Zealand [11] and more recently Western Australia [12] .
While B. cockerelli prefers to complete its life cycle on Solanaceous plants it can also complete development on species of Convolvulaceae (Bindweeds and Morning Glories) [13] . In addition, adult B. cockerelli have been found on over 40 species belonging to 20 families, however most of these are either casual, food or shelter plants on which the psyllid is unable to complete a full life cycle [2, 9, [14] [15] [16] [17] [18] [19] . Four biotypes of B. cockerelli have been described according to polymorphisms in the mitochondrial cytochrome c oxidase subunit I (COI) gene and represent geographically distinct populations; central, western, north-western, and south-western [20, 21] . Evidence suggest that these genetic types may differ in their ability to spread Lso [21, 22] .
The phloem-limited bacterium 'Candidatus Liberibacter solanacearum' (Lso) is a pathogen associated with Zebra Chip disease of potatoes [3, [23] [24] [25] and disease in other Solanaceous crops such as cultivated tomato [1, 3, 26, 27] , pepper [28] , eggplant [29] , tobacco [30, 31] and tomatillo [26] . Currently, B. cockerelli is the main vector of Lso in field and glasshouse-grown Solanaceous plants in the United States, Mexico, areas of Central America [27] [28] [29] [30] , Canada [32] , New Zealand [5, 6, 25] and recently Ecuador [33] . Ten Lso haplotypes have been described, only three of which are associated with disease in Solanaceous plants. Haplotypes A, B, and F are associated with Zebra chip disease in America [3, 34, 35] , whereas only haplotype A has been found in New Zealand [5, 36] . Haplotype B has also been found in Bactericera maculipennis (Crawford) [37] . The remaining haplotypes are not vectored by B. cockerelli but by closely related species in the Triozidae family.
The impact of B. cockerelli and associated Lso transmission on agriculture is significant. Since its arrival in New Zealand circa 2005 via human-mediated dispersal it has caused millions of dollars of economic losses [6, 21] . Similarly, management of B. cockerelli in the US is reported to have cost millions of dollars per year in major potato growing areas such as Texas [38] and the Pacific Northwest [39] . The introduction of B. cockerelli into potato growing regions in Europe or Asia would be devastating to the agricultural industry of those regions. If B. cockerelli, or a sufficient vector of Solanaceous Lso haplotypes, were to invade Europe it is estimated that the effects of Lso damage on potato and tomato would cost € 222 million per year and the negative impact of social welfare could cost an additional estimated € 114 million [40] .
Currently, B. cockerelli is considered an A1 quarantine pest in the EPPO region [4] . Consignments of aubergine and Capsicum from Mexico infested with immature and adult stages of B. cockerelli were intercepted four times during UK border inspections between 2017-2018; indicating that there is a real threat of this pest making an incursion into the EPPO region if not properly monitored [41] . Monitoring and prevention of the spread of B. cockerelli is essential to prevent the risk of an outbreak of Lso on potato, tomato and other Solanaceous crops in areas where it is not currently found [42] . There is therefore an evident need for a rapid and accurate diagnostic test to identify B. cockerelli at all life stages not only as a tool to support import inspections, but also to assist monitoring, eradication and control strategies.
We designed a species-specific real-time PCR diagnostic assay to detect all life-stages of B. cockerelli, eggs, immatures and adults. The assay provides a rapid diagnostic test to quickly determine the presence of B. cockerelli, allowing for the early detection of invasions/introductions and aiding in the prevention of spread of this psyllid.
Materials and methods

Specimen collection
The assay was tested on 28 target adults B. cockerelli specimens and 73 non-target species consisting of 110 specimens see results section 3.1 for more info on samples. The classification follows Burckhardt & Ouvrard [43] , and a complete taxonomic account of each species is given in Ouvrard [20] . Psyllid identifications were confirmed against reference type specimens in the NHM London collections. To account for intraspecific genetic variation, we obtained B. cockerelli specimens from Mexico (Universidad Autónoma Agraria Antonio Narro) and USA (USDA, Agricultural Research Services) from colony collections of each of the four recognised biotypes of B. cockerelli in Central America, the Central, Western, Northwestern, and Southwestern biotypes [19] . Specimens of B. cockerelli were also obtained from New Zealand labreared colonies (Plant Research, New Zealand). Non-target specimens were mainly obtained from 12.2 m suction-traps in the United Kingdom that form part of the Rothamsted Insect Survey network described here [44] . Specimens were also obtained from suction-traps in Finland, Germany, Spain and Sweden; as well as from field collections from Finland, Israel, Mexico, Serbia, Spain, UK and USA. Non-target specimens from different regions of the USA were used to test assay specificity on species that are commonly found in the same region as B. cockerelli. As immatures and eggs are the most likely life stages that inspectors might find on imported plant material, we also tested the assay on DNA extracted from immatures and eggs from Mexico and the USA for validation.
DNA extraction, PCR, and DNA sequencing for identification of psyllids
DNA for sequencing and assay validation was extracted from psyllids using a non-destructive method first described in [45] and adapted from [46] . Psyllid specimens were preserved in 95% Ethanol: 5% Glycerol solution. Using a 15mm long, 0.15mm diameter stainless steel entomological head-less pin (A3 size, Watkins and Doncaster) mounted in a holder, specimens were initially pierced fully through the abdomen and half-way through the thorax from the dorsal side while attempting to minimise damage to head, legs, wings, terminalia and other body parts that are used for taxonomic identification. Pierced specimens were placed in a microcentrifuge tube containing 180 μl of ATL buffer and 20 μl of proteinase-k as outlined in the DNeasy Blood and Tissue Kit from Animal Tissues (Qiagen). Samples were placed in a shaking incubator over-night (~8-10 hrs) at 56˚C at 300 rpm. The subsequent steps from the above mentioned protocol were followed and the psyllid integument voucher specimen was stored in 95% Ethanol: 5% Glycerol for morphological identification. Psyllids were DNA barcoded using one or two gene regions. The internal transcribed spacer 2 (ITS2) and cytochrome c oxidase subunit 1 (CO1) were amplified and sequenced for identification of different psyllid species. For amplification of ITS2 primers CA55p8sFcm-F and CA28sB1d-R [47] were used; and for amplification of CO1 gene regions arthropod barcoding Primers LCO1490 and HCO2198 [48] were used. All reactions were performed in 20 μl consisting of: 10 μl 2x Type-It Microsatellite PCR Kit Master Mix (Qiagen); 0.2 μM each forward and reverse primer; 7.2 μl molecular grade water (Sigma-Aldrich) and 2 μl of psyllid template DNA. Reactions were run on a Veriti 96-well thermal cycler (Applied Biosystems) using the following programs. ITS2: 95˚C for 5 mins; 25 x cycles of (95˚C for 30 s, 56˚C for 90 s, 72˚C for 30 s); and a final extension at 72˚C for 10 mins. CO1: 94˚C for 5 mins; 5 x cycles of (94˚C for 30s, 45˚C for 30s, 72˚C for 1 min); 25 x cycles of (94˚C for 30s, 51˚C for 1 min, 72˚C for 1 min); and a final extension of 72˚C for 10 mins. PCR amplified gene regions were cleaned-up using EXO-SAP and Ethanol precipitation, then sequenced using the BigDye Terminator Cycle Sequencing Kit (Applied Biosystems), forward and reverse complimentary DNA strands were sequenced separately for each sample and analysed using a 3500xL Genetic Analyser (Applied Biosystems).
Bioinformatics and real-time PCR assay design
Sequence editing, assembly and alignment were performed on ".AB1" trace files uploaded to Geneious R11 v 11.1.5 (Biomatters Ltd.). Contigs were assembled after trimming sections of low-quality sequence and aligning the complimentary strands using CLUSTAL-W multiple sequence alignment method [49] . Final contigs for each species and each gene region were aligned to identify variable areas suitable as targets for B. cockerelli specific primer and probe sets. Primers and probes were designed using manual selection of target-specific regions analysed using the "Basic Local Alignment Search Tool" (BLAST) [50] against the NCBI GenBank database [51] and processing of selected regions for suitability/ specificity in "Primer3" [52] and "Primer-BLAST" software [53] . Primer annealing temperature, hairpin formation, selfcomplementarity, GC content and were assessed using "Primer3" [52] . Potential amplification of non-specific insect species was checked using Primer BLAST which includes all psyllid species present in the GenBank database. Primer and probe sets were selected/rejected based on the following parameters: primer annealing temperature 59-62˚C; primer annealing temperature + 8-10˚C for probe annealing temperature; no more than 2˚C difference in annealing temperature between primers, max probe length 30bp, no more than 3 Gs in a row in probe, amplicon length max 300bp and specificity to B. cockerelli.
Real-time PCR set-up and standards
To calculate standard curves DNA standards of B. cockerelli were prepared using dilution series of linearized cloned plasmid DNA. DNA was extracted as above using the non-destructive method, amplified and cloned into competent Escherichia coli cells using the TOPO TA cloning kit (Thermo-Fisher). DNA from successfully transformed colonies was extracted using "PureYield Plasmid Miniprep System" (Promega). For assay validation ITS2 DNA was cloned from other psyllid species (see results section 3.1). Stock DNA 10 ng/μl was linearised from cloned plasmid DNA using EcoRI restrictions enzyme (New England Biolabs), 0.5 μl of enzyme was added to 100 μl of stock DNA, this solution was incubated in a heat block (Thermomixer C, Eppendorf) at 37˚C for 15 mins. The enzyme was then deactivated at 65˚C for 20mins. Real-time PCRs were performed in 15 μl volumes including: 6.75 μl Jumpstart Taq Ready Mix (Sigma); 1.2 μl MgCl 2 (25mM); 0.45 μl of each primer; 0.15 μl probe; 4 μl of molecular grade water (Sigma); and 2 μl of template DNA. The standard real-time PCR cycle program was as follows. Hold stage: 50˚C for 2 mins then; 95˚C for 10 mins. PCR stage: 40 cycles of (95˚C for 15 secs; X˚C for 1 min), with primer annealing temperature X being 58, 60, 62, 64, or 68; depending on the experiment. Primer concentration, MgCl 2 concentration and temperature was adjusted for validation and optimization of the assay as described below. Reactions were performed on a "QuantStudio 6 Flex" (Applied Biosystems) real-time PCR machine and analysis was done on the "QuantStudio Real-Time PCR Software" (Applied Biosystems).
Assay validation
2.5.1. Specificity. The final primer and probe set was tested on genomic DNA from 47 B. cockerelli specimens from different life stages. These included the 4 US biotypes [17, 54] and specimens from New Zealand to determine false negatives. The assay was tested for specificity against genomic DNA of 73 non-target psyllid species collected as mentioned above, to detect false positives. This included a total of 8 other closely related Bactericera spp. and the major vectors of Lso on Apiaceous crops (B. nigricornis, B. trigonica and Trioza apicalis). Information regarding samples tested is in results section 3.1. The assay was also checked for cross-reaction against potato genomic DNA (Solanum tuberosum), 3 samples of S. tuberosum 'Maris Piper' were tested in replicates of 8. All reactions with non-target DNA were run in conjunction with a TaqMan Exogenous Internal Positive Control Reagent Kit (Applied Biosystems) to rule out the possibility that false positives were not obtained due to inhibition within the reaction. DNA from all non-target psyllids was sequenced in either ITS2, CO1 or both to ensure psyllid DNA was present in all reactions to rule out false negatives due to inefficient DNA extraction. Reactions were performed in duplicate at least, with a higher number of replicates for species closely related to B. cockerelli. False positives were defined as reactions with non-target DNA that showed fluorescence above the cycle threshold during 40 cycles; and false negatives were defined as reactions with B. cockerelli DNA that did not give a C t after 40 cycles.
Sensitivity.
Experiments were performed to determine the limit of detection of the assays. DNA standards were produced using B. cockerelli linearized cloned DNA from the ITS2 region. A nine point 10-fold dilution series starting with 10 ng/μl DNA up to 10^-8 ng/μl of linearised plasmid DNA and genomic DNA was used to determine the limit of detection. 100ng/μl stock DNA concentration was initially checked using QuBit 4 Fluorometer (Invitrogen) and 5 μl was added to 45 μl of molecular grade water (Sigma-Aldrich) to dilute 1:10; eight subsequent dilutions were made. Linearised and non-linearised DNA was compared along with genomic DNA. The ability of the assay to detect immatures and eggs was also tested. DNA from various instars of immatures was extracted using the non-destructive protocol described above. Batches of 1 egg, 5 eggs and 10 eggs were extracted using the DNeasy Blood & Tissue kit (Qiagen) and initially broken with a pestle.
Repeatability and reproducibility.
Variation in the performance of the assay between runs and within runs was assessed at a 0.2 μM primer concentration, with 1.5mM MgCl 2 , and 60˚C annealing temperature. Linearised plasmid DNA from Escherichia coli transformed with B. cockerelli ITS2 DNA was used. A six point 1:10 dilution series starting at 10ng/ μl was used with each dilution being performed in triplicate. The same experiment was repeated 3x simultaneously. Runs and variations between the three experiments were recorded and analysed using QuantStudio 6 Real-Time PCR Software. An identical plate following the same plate set-up and reaction mix was run simultaneously on another QuantStudio 6 realtime PCR machine to compare inter-run variation.
2.5.4. Robustness/optimization. Amplification of target DNA, specificity and sensitivity at different MgCl 2 concentration, primer concentrations and annealing temperatures were performed to assess robustness. The assay was tested with 1.5, 3.5, 5.5, 7.5 and 9.5mM MgCl 2 concentration. For primers, 0.1, 0.2, 0.3, 0.5 and 1.0 μM concentrations were tested. The assay was also tested at different annealing temperatures 58, 60, 62, 64, 68˚C across. For each tested parameter, optimization was performed across a nine point 1:10 dilution series starting at 10ng/μl DNA. All samples were tested in triplicates. Closely related Bactericera species were included in these assays to assess specificity under different assay conditions. After optimization of the assay a multifactorial robustness test was performed across two different real-time PCR machines to test the combined effects of small changes/errors in the PCR set-up. The assays were run on a "QuantStudio 6 Flex" (Applied Biosystems) and "CFX96 Real-Time System" (BioRad); results were analysed using "QuantStudio 6 Real-Time PCR Software" (Applied Biosystems) and "CFX Manager 3.1" (BioRad). The methodology used followed the European Network of GMO Laboratories (ENGL) recommendations [55] .
Results
DNA extraction, PCR, and DNA sequencing for identification of psyllids
DNA from 110 psyllid specimens comprising 73 different species were extracted, amplified and sequenced successfully from either CO1 or ITS2 gene regions, or both (Table 1 ).
Bioinformatics and real-time PCR assay design
While differentiation within both the ITS2 and CO1 gene regions was sufficient to discriminate between psyllid species, the ITS2 gene region was more suitable for TaqMan assay design for B. cockerelli. Similarities between CO1 gene sequences between members of the Bactericera genus and B. cockerelli were higher than in the ITS2 region (average % similarity = 82.51 ± 0.68 for CO1 and 77.80 ± 4.79 for ITS2) ( Table 2 ). The ITS2 region showed larger sections of variability along the gene on which to design primers and probes. Several primer and probe sets passed the selection criteria, but most were unsuitable due to high rate of false positives from closely related Bactericera species. The final primer and probe set Bcoc_JSK2 (Table 3 ) targets a 187bp region of the ITS2 gene (Fig 1) .
Specificity and sensitivity
This assay did not amplify DNA from any of the 73 non-target psyllid species or Solanum tuberosum DNA when tested at 60˚C with primer concentration 0.2 μM. Samples included nine closely related Bactericera species with similar ITS2 and CO1 sequences ( Table 2) . Under optimal conditions, false negatives = 0% for all non-target species tested with pure genomic DNA, giving a diagnostic specificity of 100%. Some suboptimal reaction conditions showed 33% false positives against high concentrations (10 ng / 1 ng) of Bactericera albiventris cloned DNA (see below). All B. cockerelli genomic DNA samples gave positive results (Table 4) giving 0% false negatives across 54 biological replicates and 147 technical replicates; resulting in a diagnostic sensitivity of 100%. These included B. cockerelli specimens from each of the four US biotypes as well as specimens from New Zealand. These specimens included adults, immature stages and eggs. The assay can amplify B. cockerelli DNA from both cloned and genomic samples. Under optimal conditions for PCR efficiency and specificity (60˚C, 0.2 μM primer, 1.5 mM MgCl 2 ) the limit of detection was 0.000001 ng DNA across a range of different reaction parameters this equates to 200 copy numbers of ITS2 calculated using the following equation: Number of Copies = (ng DNA x 6.022x10 23 ) � (length of plasmid (4656) + cloned fragment (700)bp) � 1x10 9 � 660). The copy number calculator available at http://scienceprimer.com/ copy-number-calculator-for-realtime-pcr was used. Diagnostic sensitivity was 100% on all DNA extracted from B. cockerelli immatures. False negatives from DNA from egg extractions were 0% for single eggs and 0% for batches of 3 and 10 eggs.
Repeatability and reproducibility
No significant differences were found between C t means across the different replicates at different concentrations as tested by two-way ANOVA (F 5, 25 = 0.54, p = 0.955). The assay also performed consistently across different machines and there was no significant difference between runs across the two machines as tested by two-way ANOVA (F 1, 5 = 1.28, p = 0.279). 
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Robustness/optimization
The assays amplified B. cockerelli DNA at all primer concentrations, MgCl 2 concentrations and annealing temperatures with varying levels of efficiency, precision, and sensitivity (S1-S3 Tables). At primer concentration 0.5 μM, the assay was less sensitive only amplifying down to 0.0001 ng DNA. At higher primer concentrations (1.0 μM,) the assay showed higher sensitivity, but efficiency was outside the range for acceptable use. The assay performed optimally at 0.2 μM primer concentration showing good efficiency and high sensitivity (0.000001 ng DNA) (S1 Table) . Generally, standard deviation of the C t was lower at higher DNA concentrations and some of the primer concentrations showed SD slightly above the accepted level for The MgCl2 concentration of the assay made only small differences to the overall performance of the assay (S2 Table) and the assay was able to amplify B. cockerelli DNA at low concentrations (0.000001 ng) at each MgCl 2 concentration. The precision of the assay was lower at higher MgCl 2 concentrations 7.5mM and 9.5mM (S2 Table) .
Sensitivity was slightly higher at 64˚C giving 33.33% (n = 3) positives for only 20 copies of B. cockerelli DNA (0.0000001 ng), however at 64˚C and 66˚C 33.33% (n = 3) false positives were found with 10ng and 1 ng of B. albiventris cloned DNA (S3 Table) . Reactions at 58˚C were 10 to 100-fold less sensitive than reactions at 64˚C. For best sensitivity and specificity, it is suggested that assays using the Bcoc_JSK2 primer and probe set should be performed at 60˚C or 62˚C. While higher temperatures appear to be more sensitive, they are not recommended on unknown samples due to the small likelihood of returning false positives with B. albiventris and possibly other un-tested Bactericera spp.
It is recommended that this assay be performed at 60˚C-62˚C, with a MgCl 2 concentration of 1.5mM and a primer concentration of 0.2 μM. To test the robustness of these conditions a multifactorial approach was taken [55] . The assay performed satisfactorily across the different treatments and was shown to be robust and unaffected by small changes in assay set-up (S4 Table) . Each treatment gave 100% positives for amplification of B. cockerelli genomic DNA.
Discussion
The Tomato-Potato psyllid is an economically damaging pest of solanaceous plants that has spread by human mediated dispersal. It causes feeding damage to plants but also is the major vector of 'Candidatus Liberibacter solanacearum' (Lso), a phloem limited bacterium that is associated with disease in solanaceous and apiaceous plants. Management of this insect pest requires accurate identification of B. cockerelli, this is often difficult if eggs or immature life stages only are available for identification. Hitherto, identification of B. cockerelli required either considerable expertise in psyllid taxonomy or the lengthy process of DNA barcoding [54] .
We have designed and validated the first species-specific, quantitative real-time PCR Taq-Man assay for B. cockerelli by using the comparison of 73 non-target species to identify unique gene regions that were suitable for primer/probe design and species differentiation. The genus Bactericera currently contains 160 species [20] and <1% of these have been tested in the current study due to the difficulty in obtaining other specimens from the field or lab colonies. 
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However Europe is home to 26 different species of Bactericera [20] , 30% of which have been tested for false positives using this assay. Psyllid species that were tested are most commonly found in potato and carrot fields in Europe and the wider EPPO region which should minimize the potential for false positives and ensure the assay is efficient at detecting outbreaks in European fields. The assay was also tested on nine closely related Bactericera species. The number of species used in our study is relatively high compared to other reported TaqMan assays for plant pests that report lower numbers of non-target species [56, 57] . The assay is based on a 187 bp region of the ITS2 gene which was suitable as it contained high interspecific variation consisting of stretches of insertions and deletions (INDELs). The ITS2 region has been used to distinguish species phylogenetically and to identify cryptic species in the Cacopsylla pruni complex [47] . DNA sequences obtained from this study will improve psyllid representation on online DNA databases, reducing the chance of Type II errors (i.e. misidentification due to lack of conspecific references) [58] . The B. cockerelli sequences on which we tested this assay (and many of the non-target psyllid species) were from different geographic locations to account for intraspecific variation. Bactericera cockerelli specimens from the four USA biotypes and specimens from New Zealand all gave 100% true positives.
The success rates of eradications are dependent on the length of time between introduction, detection, and implementation of eradication measures as Lso displays a short transmission time from B. cockerelli to potatoes [4, 25] . Feasibly, methodology described in this study could be used to extract DNA from a specimen and test for B. cockerelli positives within 6-12 hrs or quicker. This is faster than identification by DNA barcoding and could aid in eradications/ prevention of incursions. This time could be reduced further if the real-time assay is used in conjunction with faster DNA extraction protocols.
There are currently no methods described within the EPPO "agreed diagnostic protocol for identification of B. cockerelli" [4] . In addition, the current EPPO control system for B. cockerelli and Lso [4] highlights the importance of identifying psyllid eggs and immatures on various plant materials during inspections and monitoring but gives minimal guidelines for achieving this. Validation of this assay demonstrates that it would be a reliable and accurate tool for use in this area and it will therefore be prepared for consideration by the EPPO diagnostic panel. This assay is also useful for monitoring B. cockerelli occurrence at several spatial scales, from local border checks to regional surveys which use different trapping methods (water, sticky, suction, aerial balloon traps) where no host plant data is available. Given the sensitivity of this assay it should be possible to detect B. cockerelli DNA from insect fragments (e.g. legs, heads) if DNA extraction is adequate. However, further validation should be performed to ensure the assay performs adequately on samples obtained from different traps. This assay should be tested on additional congeneric species and other closely related Triozidae psyllids. Another limitation of this assay is that it cannot yet be taken out into the field, making it less portable than LAMP assays or other NGS sequencing techniques such as Nanopore technology.
In conclusion a rapid, specific, robust, repeatable and reliable real-time PCR assay has now been validated and can be used to detect the important pest B. cockerelli. This will be an important tool for providing much-needed support to prevent new outbreaks. The assay can be implemented by practitioners with molecular biology experience and does not require personnel to have classical taxonomic knowledge of insects or psyllids; making this tool more accessible than traditional methods. The assay can be used to complement field surveillance and may facilitate further ecological studies of B. cockerelli requiring the identification of immatures and eggs. The strength of this assay lies in the collaboration of molecular biologists and classical taxonomists working together to build a reliable database for DNA barcoding of psyllids. Table. Summary of standard curves from optimisation of temperature on Bcoc_JSK2 real-time PCR assay for identification of B. cockerelli. All DNA concentrations tested above the limit of detection (10ng, 1 ng, 0.1ng, 0.01ng 0.001ng, 0.0001ng, 0.00001ng, 0.000001ng) gave 100% positives across 3 x replicates. LOD is given for each temperature. All non-target Bactericera species tested at different DNA concentration gave 0% false positives except for B. albiventris cloned DNA which cross reacted at 64 and 66˚C. ( � reactions at 64˚C gave 33.33% positives at 20 copy numbers). (DOCX) S4 Table. Set-up and results of multifactorial robustness experiment testing the Bcoc_JSK2 assay on B. cockerelli genomic DNA. All treatments showed 100% positives despite small changes to the overall set-up. (DOCX)
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